Organic photovoltaics promise a number of key advantages over conventional silicon, namely: Ease of processing, low cost, physical flexibility and large area coverage. However, the solar power conversion efficiencies of pure polymer devices are poor. When nanocrystals are blended with a conducting polymer to create a bulk heterojunction structure the optical and electronic properties of both materials combine synergistically to enhance overall performance. We have investigated the dependence of efficiency on the polymer molecular weight, together with the role of nanocrystals in the photogeneration of charge carriers in bulk heterojunction solar cells. We found that a high molecular weight polymer resulted in the formation of small nanocrystals, and that nanocrystals act to enhance the natural spectral response of the polymer.
INTRODUCTION
Standard methods for fabricating nanoparticle-conducting polymer composites rely on a separate processes for nanocrystal growth and then blending with the conducting polymer (See for example 1, 2 ). Despite facilitating the synthesis of a large range of heterostructures, this process has two major disadvantages: The templating agent or surfactant used to control nanocrystal size and shape can end up in the final composite as impurities, interfering with charge transfer. Secondly, cosolvents used to blend the materials can interfere with nanocrystal solubility causing aggregation of the nanocrystals and interfering with the polymer chain conformation. 3 The method of nanocrystal growth used in this paper follows that developed by Watt et al [3] [4] [5] [6] where the nanocrystals grow directly in solution with the polymer, thus avoiding the two previous shortcomings. Furthermore, by growing the nanocrystals directly in the polymer, the electronic coupling between the two materials is improved, increasing the likelihood of exciton separation at the interface. If the nanocrystals are sufficiently distributed throughout the polymer matrix then a percolation path can exist for the minority charge carrier. The polymer also acts as a continuous conduction matrix for the transport of holes to the electrodes.
EXPERIMENT

Nano-composite synthesis
The first nanocomposite material fabricated using the in situ method consisted of lead sulfide nanocrystals blended with poly[2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene] (or PbS/MEH-PPV). All materials were purchased from Sigma Aldrich and used without further purification. What follows is the procedure to prepare a 90% by weight nanocrstal-conducting polymer composite. All reactions took place within a nitrogen dry box with less than 5ppm oxygen and water. no precipitates or solvent separation. 2 mL of the sulphur precursor solution was then injected at the same temperature. The solution slowly turned dark brown as the PbS nanocrystal growth took place. The reaction took ∼ 25 minutes to reach completion, after which the solution remained a black/brown colour. There was no sign of precipitation of the nanocrystals or solvent separation.
Transmission electron microscopy (TEM) samples were prepared by dropping a 0.2 mL aliquot into 2 mL of toluene at ambient temperature once the reaction had gone to completion. A drop was then placed on an ultra thin carbon coated copper grid. Aliquots to be used for spin casting thin films or colloidal solutions for spectroscopic studies were prepared in the same way.
Preparation of device grade solutions was achieved by precipitating the nanocomposite with a polar solvent, namely 5ml of anhydrous methanol. Precipitation was rapid. After centrifuging the precipitate for 30 minutes at 3500 rpm, the nanocomposite formed a solid layer at the bottom of the container and the remaining clear supernatant was removed. The sample was then redissolved in chlorobenzene and ultrasonicated at 40degC for over one hour before spin-coating onto a prepared substrate.
To prepare Pb/MEH-PPV controls, the procedure was repeated above, but omitting the sulphur precursor injection step.
Nanocrystal Pbs/P3HT synthesis
The initial attempt used a 3:1 ratio of toluene:DMSO. When dissolved, the P3HT lead acetate solution had an orange/red colour. When the sulphur precursor was added, the solution turned dark purple/black. Aliquotes were taken every 3 minutes. When the solution cooled, slight precipitation was observed. To force complete precipitation, methyl alcohol was added and the solution centrifuged. To spin cast, the supernatant was removed and the composite redissolved in chlorobenzene. Aliquotes were taken every three minutes for 15 minutes.
Nano-composite characterisation
Since the purpose of any photovoltaic material is to absorb sunlight and convert it into electrons, the absorption and photoluminescence (PL) characteristics of a material compared to that of the sun is of prime importance. Ideally the device absorption spectrum should overlap with that of the solar spectrum. Spectroscopic studies were carried out for both colloidal and thin film samples in order to build a picture of the optoelectronic properties of the material.
A Perkin-Elmer λ 40 UV-visible spectrophotometer was used to obtain absorption spectra of nano-composite solutions and thin films. Colloidal measurements were taken in a 10 mm quartz cuvette, using 1 nm spectral increments. Appropriate blank samples were analysed to correct for the presence of the solvent.
Thin film photoluminescence measurements were made by mounting the glass side of the film at 45deg to the incident beam (on a rotating stage). Illuminating the glass side of the film allowed for the reduction of signal from the oxidized outer surface of the film.
Device fabrication
The nanocrystal-polymer photovoltaic devices were fabricated by spin-coating the nanocomposite sandwich between a transparent anode and a cathode (see Figure 1) . The anode consisted of aluminosilicate glass substrates pre-coated on one side with Indium Tin Oxide (ITO) as purchased from Delta Technologies Ltd. The area of the substrate was 25 × 25 mm 2 . The ITO anode had a sheet resistance of R s = 4 − 8 Ω.
No attempt was made to determine layer thickness. However each layer was estimated to be of the order of 100 nm (from previous studies 7 ).
Before spin casting the nonocomposite, a Dremel mini-sander was used to etch the ITO layer from the edges of the device to reduce the chance of shorting the cathode when testing (as shown in Figure 1) . The substrates were then cleaned by repeatedly washing with acetone and isopropyl alcohol, followed by quickly drying with compressed dry air. The substrate were then oxygen plasma treated for 10 minutes under 60 mTorr vacuum, at a DC current of 35 mA and frequency of 13.6 MHz to remove any organic matter and improve hole injection 8 as well as increase the work function of the ITO to ∼ 5 eV (as opposed to 4.7 eV untreated) . A thin layer of PEDOT/PSS (Poly (3,4 -ethylenedioxythiophene) poly (styrenesulfonate)) aqueous dispersion, Baytron P purchased from H.C Starck, was filtered with a 0.45 µm filter onto the substrate which was then spun at 1500 rpm for 40 seconds resulting in a thin gray layer. The substrates were allowed to dry before being transferred to a nitrogen dry box (< 5 p.p.m. O 2 and H 2 O) to be annealed at 160 degC for 15 minutes.
The active layer, pure MEH-PPV, pure P3HT (poly-(3-hexylthiophene)) or a PbS nanocrystal composite of either, was spun-cast in a nitrogen dry box. A standard active layer was spun-cast from 200 µL of casting solution, which was heated to 40degC and shaken to further remove any aggregates. Chlorobenzene was used for spin-casting. While spin-casting, the active material would undergo a noticeable colour change as the solvent evaporated and the conformation of the polymer changed.
Spin speed has a direct effect on the conformation of the polymer as recognised in numerous studies.
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As such the films were spun at 1250 rpm for 40 seconds from approximately 10 g/L polymer solution .
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The device was then annealed for 5 minutes at 75degC to remove excess solvents and improve interchain coupling.
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The aluminium cathode was deposited by thermal evaporation under less than 5 × 10 −5 Torr vaccum. A current of 20 A with a potential of 20 V was applied to a tungsten wire basket containing aluminium (99.8%) wire fragments. A standard evaporation took place for no more than approximately one minute.
The two electrodes were fixed with indium solder; one electrode to the aluminium cathode, the other to the ITO layer. Figure 1 shows a schematic of the final device.
Device characterisation
Testing was restricted to incident wavelegnths between 190-1100 nm due to both the range of the monochromator and response of the calibration diode. It must therefore be stressed that any spectral response due to wavelengths greater than 1100 nm could not be detected.
The illumination source was a Thermal Oriel 150 W xenon arc lamp with AM1.5 filters. The photo-generated currents were measured by connecting the electrodes of the testing device to a Kiethley 6435 picoammeter and scanning λ.
Simulated solar illumination conditions were provided by the Oriel 150 W xenon arc lamp with AM1.5 filters. The intensity was varied by changing the aperture of the lamp, and was set by measuring the incident light with a NIST calibrated Newport High Power Detector (Model 818P-030-19). White light efficiencies were calculated for an incident power density of 80 mWcm −2 . The I-V characteristics were measured by connecting the testing device electrodes to a Kiethley 2400 Source Meter SMU and sweeping the applied bias from -1 V to 1 V. The shunt and series resistances (R sh and R s respectively) were calculated by taking the derivative of the I-V curve at V=0 and the open circuit voltage point respectively.
150 KDA MOLECULAR WEIGHT MEH-PPV
The molecular weight of MEH-PPV used was 150,000 Da, PDI=1.5 to 2.0, and the effect on nanocrystal growth and solar cell power conversion efficiency studied. Large molecular weight polymers of high purity should exhibit greater conductivities due to greater interchain coupling which can overcome the detrimental effects of chain breaks and sp 3 defects. As such it would be expected that the higher conductivity would improve device performance by reducing the series resistance, and improving charge transport in general. 
Effect of molecular weight on nanocrystal size
Since the in situ method of nanocrystal assembly relies on the steric effects of the polymer to control nanocrystal growth, the longer chains of high molecular weight MEH-PPV would form a tighter templating matrix resulting in smaller nanocrystals. This result was established by Watt et al who showed that larger nanocrystals (10-20 nm) were grown for 22,000 Da MEH-PPV and smaller nanocrystals (5-10 nm) for 80,000 Da MEH-PPV. 6 In this study the synthesis was extended to 150,000 Da MEH-PPV which, as shown in Figure 2c , resulted in small nanocrystals of 1-5 nm in size, reinforcing the steric role of the polymer in controlling nanocrystal growth. It was found that while the 150,000 Dalton MEH-PPV resulted in fairly monodipsered nanocrystal size, the nanocrystals tended to aggregate. Compared to 80,000 Dalton MEH-PPV, this results in a broken percolation network. This interferes with the electron transport which will be explored in more detail in the following sections. Figure 3 shows the absorption spectra for thin films of pure polymer MEH-PPV and PbS nanocrystal/MEH-PPV composite materials. The absorbance was not normalised against film thickness in the absence of a profilometer. What is of interest is the redshift of the primary absorbance peak with increasing DMSO fraction. At first sight it may be tempting to attribute this redshift to an increase in nanocrystal size. However caution must be taken with this interpretation since, in general, similar spectral redshifts have been observed for many polymers due to aggregation of the polymer chains and inter-chain π − π stacking. 10 Further insight may be gained by exploring the spectral response and photoluminescence spectra. Figure 4 shows the photoluminescence (PL) spectra for the pure MEH-PPV and nanocrystal Pbs/MEH-PPV films cast from a solvent ratios of 3:1 (toluene:DMSO). The PL intensities are again not normalised to film thickness and so any quantitative comparisons cannot be made. The PL of the pure polymer was much greater than the composites. It has been scaled by a factor of 0.05 for easy comparison of the PL profiles. It appears as though the 625 nm emission peak of the pure polymer is quenched in the nanocomposites. The effect of solvent on quantum efficiency can be seen in Figure 5 . The most efficient ratio is 3:1 (toluene:DMSO). This may be attributed to improved film morphology and therefore electronic coupling between nanocrystal and polymer.
Solar power conversion efficiency
A typical power conversion efficiency for a pure MEH-PPV solar cell (using this fabrication technique) was of the order η < 10 −4 %. The improvement in spectral response shown in Figure 5 translates into improved power conversion efficency of η = 0.001%.
The JV characteristics are shown in Figure 6 . The short circuit current was found to be J sc = 7.81 µAcm −2 . The open circuit voltage, which provides the internal electric field is V oc = 0.593 V. The fill factor was 20.4%. An ideal solar cell has R sh = ∞ and R s = 0. The poor efficiency of this device is due to the very large series resistance R s ∼ 1 MΩ, attributed to the poorly conducting nanocomposite material, and in particular, due to resistive contacts between the polymer and electrodes and between the electrodes and the connecting wires. The low shunt resistance R sh ∼ 500 kΩ is a result of leakage currents through the device and between the contacts, indicative of shorts through the device. Contacting to the electrodes is therefore one of the most critical processes. Table 1 shows that nanocrystal PbS/MEH-PPV devices fabricated with lower molecular weight MEH-PPV (80 KDa) show significantly higher power conversion efficiencies of ∼ 1%. 17 That is three orders of magnitude better than similar devices made with the higher molecular weight MEH-PPV. This drop in power conversion effciency compared to lower molecular weight MEH-PPV may be the result of a breakdown of the percolation network due to poor nanocrystal packing. The dissociation at the nanocrystal polymer interface reduces recombination of excitons generated in the polymer. However, in a highly dispered nanocrystal composite, with a broken percolation network, electrons dissociated at the NC/polymer interface may become trapped within the NC. That is, the nanocrystals act as potential wells for eletrons dissociated from low energy excitons, thereby trapping the minority carriers. If this assumption is correct then an applied bias should redistribute the trapped electrons to the polymer matrix manifesting as negative capacitance values. This has indeed been observed by Bakueva et al with lead sulfide nanocrystals in PPV. 18 Unfortunately, there was no information provided about nancocrystal packing in this reference.
The role of the nanocrystals in charge carrier generation
A lead control was prepared by the standard synthesis given in Section 2.1, except without the addition of the sulphur precursor. Figure 7 shows the effect of adding lead. The control spectral response profile is similar to the pure MEH-PPV.
EXTENDING TO P3HT
P3HT is an effective hole-accepting and hole transport material (in its regioregular form). It has a high field effect hole mobility of 0.1 cm 2 /Vs 19 which has been exploited in numerous optoelectric applications, and recently achieved the highest efficiency of any polymer based solar cell; P3HT:PCBM blend at 4.4% power conversion efficiency.
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The general method of synthesis and device fabrication described in Section 2.1 was extended to use P3HT (MW ∼87,000 Da). Various solvent ratios were explored together with spectroscopic analysis. The synthesis was successful in growing PbS nanocrystals directly in solution with P3HT, as is evident in the scanning transmission electron micrograph (STEM) image Figure 8 . Nanocrystal size ranged from 2-3 nm corresponding to an absorption edge between ∼ 600 − 1000 nm. 21 The fact that P3HT and MEH-PPV have quite different chemical structures illustrates the versatility of this method for PbS nanocrystal synthesis.
Spectroscopy
The absorption spectra were measured for colloidal samples of different solvent ratios (toluene: DMSO), and taken at different times to determine any NC size control.
No significant change in absorption spectra with solvent ratio was observed. This may be due to the poor solubility of P3HT in toluene.
As the reaction proceeds however, there is a growth of a second peak at ∼ 600 nm ( Figure 9 ). To determine if this peak is due to nanocrystal growth, a lead control was prepared. Figure 10 reveals that the second edge is not due to the NC's since colloidal lead introduces a near identical enhancement of the pure P3HT absorption. The NC absorption edge could be >1100 nm, outside the range of the equipment. A control sample consisting of the lead/P3HT control was analysed in order to identify whether the nanocrystals were contributing to the absorption. Figure 10 shows the colloidal absorbance for pure P3HT, nanocrystal PbS/P3HT and the lead/P3HT control. Due to the lack of a unique absorption edge in comparing the lead/P3HT control with nanocrystal PbS/P3HT composite, it seems unlikely nanocrystals are contributing to the absorp-tion. Rather there may be a change in conformation caused by the addition of DMSO and/or lead and sulphur, as was the case with MEH-PPV.
PbS/P3HT spectral response
A typical spectral response for nanocrystal PbS/P3HT solar cells synthesised with a solvent ratio of 3:1 (toluene :DMSO) is shown in Figure 11 . The photo current is enhanced by the presence of the nanocrystals, especially between 550 nm and 650 nm. The primary peak has been normalised to aid comparison. On close inspection, the nanocrystal feature looks like an enhancement of the pure P3HT shoulder at 600-650 nm rather than a unique absorption peak. It may then be possible that the presence of the nanocrystals enhance the spectral response by limiting recombination of excitons photo-generated by P3HT rather by PbS NC's as suggested for MEH-PPV in Section 3.1. 
Solar power conversion efficiency
The NC PbS/P3HT composite device showed a power conversion efficiency of η = 0.001%, comparable to NC PbS/MEH-PPV. The open circuit voltage was 0.307 V and short circuit current density 6.57 µAcm −2 . The fill factor was 24.3%, which is 4% better than the PbS/MEH-PPV device. The improvement in fill factor can be attributed to the low series resistance. Since P3HT is intrinsically a much better conductor than MEH-PPV this is not surprising. Table 2 . Nanocrystal PbS/MEH-PPV solar cell characteristics.
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The role of the nanocrystals in charge carrier generation
Despite the film morphology being so poor for optoelectronic applications, the NC PbS/P3HT device performs almost as well as the large molecular weight NC PbS/MEH-PPV device. There are two possibilities that may offset any degradation due to poor film morphlogy: First, the high conductivity of P3HT. Secondly, The tighter nanocrystal packing seen in the STEM (Figure 8 ) may form a percolation pathway between polymer aggregates. Hence, the P3HT system still shows some promise.
CONCLUSION
Motivated by the desire to investigate the factors effecting the efficiency of nanocrystal quantum dot conducting polymer photovoltaic devices, the dependence of efficiency on the polymer molecular weight was studied. It was found that:
• The longer polymer chains acted to form a tighter templating matrix resulting in an overall smaller nanocrystal size.
• The nanocrystals acted to improve the overall solar power conversion efficiency by an order of magnitude over that of a pure polymer device.
• Nanocrystals acted to enhance the natural spectral response of the pure polymer by quenching interchain interactions in the polymer.
• Nanocrystal packing appeared to be spatially dispersed which resulted in a broken percolation pathway. Nanocrystals may then act as electron traps, manifesting as an increase in negative capacitance with applied bias.
Also under investigation was the possibility of extending the solution based fabrication technique previously developed to include a high hole mobility conducting polymer (P3HT). It was found that:
• Nanocrystals can be grown in P3HT establishing that the synthesis is versatile and can be extended to use other polymers of different chemical structure. However, it was found that thin films spun-cast from the standard solvents resulted in poor film morphology.
• Nanocrystals can form a percolation network to improve charge transport in the composite.
• Nanocrystals acted to enhance the natural spectral response of the pure polymer by quenching interchain interactions in the polymer, rather than contribute directly to the photo-generation of charges.
